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Classical feed-forward inhibition involves an excitation–inhibition
sequence that enhances the temporal precision of neuronal re-
sponses by narrowing the window for synaptic integration. In
the input layer of the cerebellum, feed-forward inhibition is thought
to preserve the temporal fidelity of granule cell spikes during mossy
fiber stimulation. Although this classical feed-forward inhibitory cir-
cuit has been demonstrated in vitro, the extent to which inhibition
shapes granule cell sensory responses in vivo remains unresolved.
Here we combined whole-cell patch-clamp recordings in vivo and
dynamic clamp recordings in vitro to directly assess the impact of
Golgi cell inhibition on sensory information transmission in the
granule cell layer of the cerebellum. We show that the majority
of granule cells in Crus II of the cerebrocerebellum receive sensory-
evoked phasic and spillover inhibition prior to mossy fiber excita-
tion. This preceding inhibition reduces granule cell excitability and
sensory-evoked spike precision, but enhances sensory response
reproducibility across the granule cell population. Our findings
suggest that neighboring granule cells and Golgi cells can receive
segregated and functionally distinct mossy fiber inputs, enabling Golgi
cells to regulate the size and reproducibility of sensory responses.
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Classical feed-forward inhibition (FFI) involves a sequence ofexcitation rapidly terminated by inhibition. This temporal
sequence narrows the time window for synaptic integration and
enforces precise spike timing (1–7). FFI is thought to be im-
portant for regulating the temporal fidelity of spike responses in
many neural systems, including the motor system, where rapid
and adaptable changes in muscle activity are essential for coor-
dinated motor control (8–10). The cerebellum plays a central
role in fine sculpting of movements, and damage to the cerebellum
produces severe motor deficits, most notably enhanced temporal
variability of voluntary movements (11, 12). These findings suggest
that cerebellar circuits have the ability to preserve precise timing
information during behavior (5, 6, 13), and in vitro studies have
shown that feed-forward inhibitory networks in the input layer of
the cerebellum provide a mechanism for maintaining the temporal
fidelity of information transmission (6, 14, 15).
Synaptic inhibition in the granule cell layer is generated by
Golgi cells, GABAergic interneurons that provide direct in-
hibitory input to granule cells (6, 15–17). The prevailing view is
that, when mossy fibers are activated, granule cells receive both
monosynaptic excitation and disynaptic FFI from Golgi cells,
providing temporally precise inhibitory input that narrows the
window for the temporal summation of discrete mossy fiber
inputs (6, 14, 18). This classical excitation–inhibition sequence
forms the basis of a variety of contemporary cerebellar models
(7, 9, 18, 19). However, the exact temporal relationship be-
tween sensory-evoked excitation and inhibition in granule cells
has never been determined in vivo. Here, we combined in vivo
whole-cell voltage-clamp recordings from granule cells and
in vitro dynamic clamp experiments to investigate both the
temporal dynamics of Golgi-cell–mediated inhibition and its
importance for shaping sensory responses in the input layer of
the cerebellum.
Results
Sensory-Evoked Phasic and Spillover Golgi Cell Inhibition Precedes
Mossy Fiber Excitation in Granule Cells. Cerebellar granule cells
receive direct phasic and indirect or “spillover” GABAergic in-
put from Golgi cells (6, 16, 20, 21). To investigate the temporal
dynamics of sensory-evoked inhibition in vivo, we recorded
spontaneous and sensory-evoked excitatory (Vhold = −70 mV)
and inhibitory (Vhold = 0 mV) currents from the same granule
cells in Crus II (Fig. 1 A–D). Granule cells were identified based
on their characteristic electrophysiological properties (Table S1),
depth from the pial surface (>250 μm), and morphology (Fig.
1B). To evoke behaviorally relevant somatosensory input, we
applied brief air puffs (60 ms) to the whiskers and ipsilateral
perioral surface (22, 23). Sensory stimulation triggered bursts of
mossy fiber excitatory postsynaptic currents (EPSCs; 4.9 ± 0.6
events; burst frequency, 104.0 ± 10.3 Hz; burst duration, 54.8 ± 4.0
ms) (23–25). The same sensory stimulus also triggered phasic in-
hibitory postsynaptic currents (IPSCs; 5.6 ± 0.6 events; burst
frequency, 65.5 ± 8.8 Hz; burst duration, 93.3 ± 15.1 ms) in the
same granule cells (n = 9 of 9 cells) (Fig. 1 C and D). Each
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burst of phasic IPSCs was superimposed on a slow, sustained
outward current (32.6 ± 4.8 pA; time-to-peak, 22.7 ± 3.5 ms;
duration, 308.1 ± 21.4 ms; n = 9; Fig. 1E), reflecting GABA
spillover (21). Because extrasynaptic δ-subunit–containing GABAA
receptors are insensitive to brief synaptic or spillover GABA tran-
sients (26), slow currents are unlikely to reflect changes in the tonic
inhibitory conductance (27). In the majority of granule cells, the
onset latencies for phasic and spillover events appeared similar,
suggesting that both modes of inhibition are driven by the same
mossy fiber input pathways. Moreover, the average phasic and
spillover peak conductances scaled linearly and were comparable to
the excitatory synaptic conductance measured in the same granule
cell (Fig. S1). After the short latency excitatory/inhibitory responses
in granule cells, we observed a prolonged reduction in spontaneous
IPSC rate (duration, 340.0 ± 89.9 ms, n = 6/9 cells), reflecting long-
lasting pauses in Golgi cell firing after sensory stimulation (28, 29).
Given that Golgi cells fire one or two temporally precise spikes
during the onset of sensory stimulation (28, 29)—albeit with vari-
able onset latencies (28, 29)—and that each granule cell receives
direct input from at least five to seven Golgi cells (21, 30), our
data are consistent with sensory-evoked inhibition being the re-
sult of pooled input from multiple Golgi cells.
To investigate whether evoked IPSCs occurred according to
the classical excitation–inhibition sequence (6), we examined the
relative timing of EPSCs and IPSCs in the same cell during
sensory stimulation. Surprisingly, in the majority of granule cells,
the mean onset latency of sensory-evoked inhibition was shorter
than the latency of direct mossy fiber input evoked by the same
sensory stimulus (IPSC latency, 10.5 ± 1.1 ms; EPSC latency, 14.6 ±
2.2 ms; n = 9), contrary to the expectation for a strictly feed-forward
pathway (Fig. 1 F–I). This result suggests that sensory-evoked phasic
inhibition of granule cells is mediated by Golgi cells activated by a
subset of mossy fibers distinct from those providing direct mono-
synaptic granule cell excitation (i.e., FFI) or disynaptic feed-forward
excitation from granule cells (i.e., feedback inhibition) (15, 31–34).
Importantly, this reversed temporal relationship did not depend on
the anesthetic regime used (Fig. S2). Given that brief stimulation of
the upper lip and perioral surface has been shown to generate
precise, short-latency (∼7–10 ms) output from Golgi cells (28, 29)
and highly variable, longer-latency (∼15–25 ms) excitatory input in
granule cells (Fig. 1F) (23), our data suggest that some Golgi cells
receive direct trigeminal input before neighboring granule cells re-
ceiving delayed corticopontine input (35, 36).
Properties of Golgi Cell Inhibition During Sustained Sensory-Evoked
Mossy Fiber Input. Mossy fiber input to the granule cell layer can
occur in short high-frequency bursts (24, 29, 37) or as sustained,
time-varying synaptic input (22, 38–40), depending on the nature
of the stimulus. To investigate whether stimulus duration affects
excitatory and inhibitory sensory-evoked burst dynamics in granule
cells in Crus II, we recorded EPSCs (Vhold = −70 mV) and IPSCs
(Vhold = 0 mV) during stimuli of 60-, 200-, and 500-ms duration.
Lengthening the stimulus duration linearly increased the number of
evoked EPSCs (60 ms: 4.9 ± 0.6; 200 ms: 14.9 ± 2.1; 500 ms: 26.0 ±
4.0 EPSCs; P < 0.05, two-way ANOVA with Bonferroni post; n = 9,
8, and 8, respectively) and burst duration (60 ms: 54.8 ± 4.0; 200 ms:
201.3 ± 5.2; 500 ms: 392.5 ± 41.8 ms; P < 0.01, two-way ANOVA
with Bonferroni post; n = 9, 8, and 8, respectively), initially evoking a
burst of high-frequency mossy fiber synaptic input that rapidly
decayed to a sustained input frequency of ∼50 Hz (Fig. 2 A–D).
Moreover, direct recordings from mossy fiber boutons during sensory
stimulation (25) revealed that the patterns of excitatory synaptic in-
put recorded in granule cells directly reflected activity patterns of
single presynaptic mossy fiber terminals (Fig. S3 and Table S2).
Surprisingly, sensory-evoked phasic and spillover inhibition in granule
cells were both unaffected by increasing stimulus duration, with the
number and frequency of fast IPSCs and duration of slow IPSCs
remaining unchanged (Fig. 2 E–H and Table S2). Our results indicate
that fast phasic inhibition reliably conveys mossy fiber information at
the onset of the sensory stimulus, but only weakly conveys rate-based
changes in mossy fiber activity during sustained sensory stimulation.
In this regard, sensory-evoked Golgi cell inhibition may represent a
timing signal during the onset of sensory stimulation.
Classical FFI in Granule Cells In Vivo. We next examined whether
classical FFI was detectable at the level of individual events by
simultaneously recording sensory-evoked EPSCs and IPSCs at
the intermediate holding potential of −40 mV (Fig. 3 A and B)
(6, 41). We observed sensory-evoked events with the character-
istic biphasic EPSC–IPSC sequence (mean latency of 2.1 ± 0.1
ms; range 1.9–2.1 ms; Fig. 3C) that is the hallmark of FFI (3, 6) in
all cells tested (n = 5). However, the rate of occurrence of sensory-
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Fig. 1. Sensory-evoked inhibition can precede mossy fiber excitation in cere-
bellar granule cells. (A) Schematic showing the basic circuitry of the granule cell
(GC) layer of the cerebellar cortex. GoC, Golgi cell; MF, mossy fiber; PF, parallel
fiber. (B) Morphological reconstruction of a granule cell obtained by biocytin
labeling through the recording electrode and subsequent staining with strep-
tavidin Alexa Fluor 488. (Scale bar: 5 μm.) (C and D) Voltage-clamp recordings
(Top), raster plots (Middle; 10 trials), and peristimulus time histograms (PSTHs)
(Bottom; 20 trials; bin size = 20 ms) of spontaneous and stimulus-evoked (gray
bar) EPSCs (C) and IPSCs (D) recorded in a granule cell held at −70 and 0 mV,
respectively. (E) Example current traces displaying sensory-evoked inhibition
(Left; Vhold = 0mV) consisting of a burst of phasic IPSCs (Center) superimposed on
a slow spillover current (Right). (F) Current traces recorded in a granule cell held at
0 and −70 mV showing the time interval between the onset of sensory-evoked
inhibition (blue) and excitation (red). (G) Higher-time-resolution example of the
relationship between average IPSC and EPSC onset latency (average of 20
consecutive sweeps) in the same granule cell shown in F. (H) Relationship
between IPSC and EPSC onset latencies in individual granule cells (n = 9) with
filled symbols representing population average ± SEM. (I) Summary plot dis-
playing mean lag between IPSC and EPSC onset times. Negative latency values
indicate inhibition preceded excitation (n = 7/9 cells). Filled symbol represents
mean ± SEM.
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evoked FFI events was low (proportion of FFI events, 18.0 ± 5.1%
of total events), comparable to the rate of spontaneous FFI events
recorded in granule cells in vivo (23). Moreover, the probability of
observing classical FFI was inversely proportional to the variability
in IPSC onset latency across each burst, such that a low probability
of FFI was associated with larger variability in IPSC timing (Fig.
3D). Thus, sensory stimulation can recruit classical feed-forward
inhibitory circuits in the granular layer (6, 14), but with relatively
low probability, suggesting the majority of sensory-evoked in-
hibition in granule cells is mediated via the recruitment of par-
allel inhibitory circuits that are activated via independent mossy
fiber pathways (Fig. S4).
Golgi Cell Inhibition Reduces Spike Temporal Fidelity in Granule Cells
In Vivo. Previous in vitro findings suggest that feed-forward Golgi
cell inhibition acts to reduce the time window for synaptic in-
tegration, enforcing granule cell spike precision (6, 28, 29, 42).
To assess the impact of Golgi cell inhibition on granule cell spike
timing in vivo, we used a dual strategy, combining in vitro dy-
namic clamp experiments with in vivo intracellular recordings.
First, we coinjected simulated trains of mossy fiber input—
incorporating frequency-dependent depression (25)—with sensory-
evoked inhibition or classical FFI in granule cells in vitro, where
the timing and variability of each postsynaptic conductance
reflected the EPSC and IPSC onset times measured in vivo (Fig.
4A; Materials and Methods). We found that inhibition delivered
before (sensory-evoked) or 2 ms after (FFI) excitation significantly
reduced the temporal precision of early granule cell responses
(P < 0.001, two-way ANOVA with Bonferroni post; n = 10) (Fig. 4
B and C). This result occurs because granule cells require ex-
citatory postsynaptic potential (EPSP) summation during sensory
stimulation to generate spiking (24) and Golgi cell inhibition—
arriving before or immediately after excitation—suppresses the early
response by increasing the number of asynchronous inhibitory
events, thus reducing spike probability and increasing jitter. Our
in vitro results suggest that Golgi cell inhibition actually reduces
the precision of spikes triggered by sensory stimulation. Consis-
tent with this idea, blocking inhibition in vivo with the selective
GABAA receptor antagonist gabazine (SR95531) significantly
reduced sensory-evoked first spike jitter in granule cells (Fig. 4
D–G; n = 7; P < 0.05, two-way ANOVA with Bonferroni post; SI
Materials and Methods).
Golgi Cell Inhibition Regulates Sensory Response Magnitude and
Reproducibility Across Granule Cells. If sensory-evoked Golgi-cell
inhibition does not enforce precise spike timing in granule cells,
what function does it serve? To address this issue, we examined
whether inhibition was important for regulating the magnitude
and reproducibility of sensory responses. In this context, magni-
tude reflects the number of sensory-evoked spikes, whereas re-
producibility reflects the average response variability across a
population of granule cells. We coinjected simulated trains of mossy
fiber input with sensory-evoked inhibition in granule cells in vitro,
where the timing and variability of each postsynaptic conductance
reflected the EPSC and IPSC onset times measured in vivo (Fig. 5A;
Materials and Methods). We found that sensory-evoked inhibition
reduced overall response magnitude by ∼1 spike [−Inh (sensory-
evoked) 3.9± 0.1 spikes;+Inh (sensory-evoked) 3.1± 0.1 spikes; P =
0.01; n = 10] and shortened the duration of the response [−Inh
(sensory-evoked) 42.8 ± 0.8 ms; +Inh (sensory-evoked) 38.1 ± 0.7
ms; P = 0.008; n = 10] (Fig. 5 B–D), while significantly enhancing
response reproducibility across granule cells, as indicated by the
reduction in variability in evoked response magnitude [FWHM of
Gaussian fit to bootstrap histograms: −Inh (sensory-evoked) 0.29;
+Inh (sensory-evoked) 0.12; P = 0.003, F test; Fig. 5C]. Interburst
spike variance (Fig. 5B) and average spike burst frequencies (Fig.
5E) remained unaffected. Together, our results demonstrate that
Golgi-cell inhibition shapes sensory information transmission in the
granule cell layer by reducing the temporal fidelity of spikes during
the onset of the sensory-evoked response, in favor of enhancing
sensory response reproducibility across the granule cell population.
Discussion
We have used voltage-clamp recordings in vivo and dynamic-
clamp recordings in vitro to directly assess the impact of in-
hibitory circuits recruited during sensory information transmission
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Fig. 2. Sensory-evoked Golgi cell synaptic input in granule
cells during sustained sensory stimulation. (A) Representative
current traces displaying sensory-evoked EPSCs recorded from
a granule cell held at −70 mV during prolonged sensory stim-
ulation (200 and 500 ms). (B) Average number of EPSCs evoked
by 60-, 200-, and 500-ms sensory stimulation (n = 9, 8, and 8,
respectively). *P < 0.05. (C) PSTHs of EPSC frequency during
sustained sensory stimulation (200 and 500 ms; n = 8 and 8). The
purple dashed line indicates twofold the SD of the baseline
frequency. (D) Average sensory-evoked EPSC burst duration
evoked by 60-, 200-, and 500-ms sensory stimulation (n = 9, 8,
and 8, respectively). **P < 0.01. (E) Representative current traces
displaying sensory-evoked phasic and spillover inhibition recorded
from a granule cell held at 0 mV during 200- and 500-ms
sensory stimulation. (F) Average number of IPSCs evoked by
60-, 200-, and 500-ms sensory stimulation (n = 9, 5, and 5,
respectively). (G) PSTHs of IPSC frequency during sustained
sensory stimulation (200 and 500 ms; n = 5 and 5). The purple
dashed line indicates twofold the SD of the baseline frequency.
(H) Average sensory-evoked IPSC burst and spillover current
duration evoked by 60-, 200-, and 500-ms sensory stimulation
(n = 9, 5, and 5, respectively). ns, nonsignificant.
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in the granule cell layer of Crus II. We show that Golgi and
granule cells within the same local microcircuit receive input via
distinct mossy fiber pathways, with excitation often arriving at
Golgi cells first, indicating the presence of “parallel” inhibitory
networks in the granular layer. In contrast to the prevailing no-
tion that classical FFI enforces precise spike timing in granule
cells (6, 14), our findings show that Golgi-cell–mediated in-
hibition can reduce the temporal precision of early granule cell
responses to sensory stimulation, in favor of enhancing sensory
response reproducibility across granule cells. Thus, sensory
stimuli engage preceding Golgi cell activity, which, by acting
through both phasic and spillover inhibition, appears to provide
a simple thresholding mechanism to regulate the magnitude and
uniformity of sensory responses across granule cells.
Phasic and Spillover Inhibition in Granule Cells In Vivo. Our findings
provide, to our knowledge, the first direct characterization of the
temporal dynamics of sensory-evoked inhibition in granule cells in
Crus II. We demonstrate that brief sensory stimuli evoke short,
high-frequency bursts of phasic IPSCs, which are superimposed on a
slow sustained outward current, consistent with synchronous direct
and spillover input from multiple Golgi cells (6, 21, 26, 28, 29, 43–
46). Although fast stimulus-locked inhibition of granule cells has
thus far been difficult to detect in vivo (37), our voltage-clamp re-
cordings revealed sensory-evoked phasic and spillover inhibition in
all granule cells, consistent with the view that Golgi cell axons
strongly influence many hundreds of granule cells across the gran-
ular layer (15, 47). Moreover, the prevalence of slow, spillover-
mediated IPSCs in granule cells suggests that indirect spillover
activation of GABAA receptors is a major form of Golgi-cell sig-
naling during sensory stimulation (21, 37, 48, 49). Differences in the
number of direct and indirect synaptic inputs in each glomerulus will
determine the relative contribution of fast and slow IPSCs during
sensory activation (21, 30, 49). By recording sensory-evoked excit-
atory and inhibitory synaptic input in the same cell, we show that
sensory-evoked Golgi-cell inhibition scales proportionally with the
level of mossy fiber excitatory synaptic input. This finding provides
experimental verification of longstanding theories of cerebellar
function, which propose that there should be a dynamic component
to Golgi-cell inhibition, providing strong inhibition when many
mossy fibers are activated and weaker inhibition upon sparse acti-
vation of mossy fibers (50, 51). This form of “gain control” regulates
the magnitude and saliency of granule cell responses during the
onset of sensory stimulation. The fact that we only observed fast-
phasic IPSCs during the onset of sensory stimulation is consistent
with the view that Golgi cells provide information regarding stimulus
onset and that they only weakly follow rate-modulated mossy fiber
synaptic input during sustained stimulation (6, 28, 29, 42).
Reversed Excitation–Inhibition Sequence with Sensory Stimulation.
The synaptic properties of a classical feed-forward inhibitory
circuit are predicted to deliver a rapid inhibitory conductance
immediately after sensory-evoked excitation that narrows the
window for temporal summation of discrete mossy fiber inputs,
thus increasing granule cell spike precision (6, 14). This view
forms the basis for many theories of timing in the cerebellar
cortex and has been implemented in a variety of cerebellar
models (for review, see ref. 7). Our findings challenge this view
by demonstrating that the majority of cerebellar granule cells in
Crus II receive sensory-evoked Golgi-cell inhibition before the
onset of mossy fiber excitation.
Previous studies have shown that peripheral tactile stimulation of
the perioral surface and upper lip area in rodents generates co-
incident activation of direct—via the trigeminal nucleus—and in-
direct—via a thalamocortico-pontine pathway—input to Crus II of
the cerebrocerebellum. Moreover, simultaneous cortical and cere-
bellar recordings have demonstrated that longer-latency cerebellar
inputs reflect cortical output from primary somatosensory cortex (S1)
that project to the contralateral cerebellar hemisphere Crus II via the
pons (35, 36, 52, 53). Given that recruitment of these two distinct
mossy fiber input pathways by the same sensory stimulus can gen-
erate precise, short-latency (∼7–10 ms) output from Golgi cells (28,
29) and highly variable, longer-latency (∼15–25 ms) mossy fiber input
to the granule cell layer (Fig. 1) (23, 25, 35), our data are consistent
with Golgi cells receiving direct trigeminal input, with nearby granule
cells receiving delayed corticopontine input (35, 36). Although the
most parsimonious explanation of our data is that Golgi-cell in-
hibition is mediated via parallel feed-forward inhibitory networks, it
is also possible that feedback inhibition plays an important role in
regulating sensory-evoked granule cell output. Feedback inhibition—
involving disynaptic excitation of Golgi cells via ascending granule
cell axons or parallel fibers—has long been suggested on anatomical
grounds (15, 47), but experimental evidence to support this obser-
vation has been difficult to obtain. Given that granule cell-mediated
feedback excitation of Golgi cells provides a powerful feedback cir-
cuit to control activity in the granular layer (15, 31–34, 54, 55), it will
be important for future studies to identify the extent to which FFI or
feedback inhibition contributes to sensory-evoked Golgi cell-medi-
ated inhibition of granule cells in Crus II (Fig. S4).
In addition to revealing the impact of functional parallel in-
hibitory pathways, our recordings provide direct evidence for the
recruitment of classical FFI in granule cells in vivo, where the
same mossy fibers exciting a granule cell also provide disynaptic
short-latency inhibition to that granule cell via Golgi-cell activation.
This feed-forward inhibitory circuit has been suggested on ana-
tomical grounds (15), with in vitro studies demonstrating that
disynaptic FFI from Golgi cells can influence the latency and pre-
cision of granule-cell responses to mossy fiber stimulation (6, 14,
49). This brief (∼5 ms) “time-windowing” effect enhances spike
precision by reducing the window for temporal summation of dis-
crete mossy fiber inputs (3, 7). However, our experimental results
showing the early onset of sensory-evoked inhibition, the low rate
of occurrence of biphasic feed-forward events, and the large
trial-to-trial variability in the timing of individual sensory-evoked
IPSCs indicate that disynaptic FFI—although functionally en-
gaged in the circuit in vivo—may not be the main determinant of
sensory information transmission in granule cells in Crus II. Instead,
the early onset and extended temporal profile of sensory-evoked
A B C D
Fig. 3. Low probability of classical FFI in granule cells during sensory stimulation. (A) Schematic of the granular layer classical feed-forward inhibitory circuit. GC,
granule cell; GoC, Golgi cell; MF, mossy fiber; PF, parallel fiber. (B) Voltage-clamp recordings (Upper) and raster plot (Lower) of sensory-evoked EPSCs (red) and IPSCs
(blue) from a granule cell held at −40 mV. (C, Top and Middle) Representative current traces showing sensory-evoked monosynaptic excitation and disynaptic FFI at
low (Top) and high (Middle; average of 20 events overlaid in black) time resolution. (C, Bottom) Average latency difference between sensory-evoked monosynaptic
excitation and disynaptic FFI (n = 5). Black bar represents mean value ± SEM. (D) Average changes in FFI probability (black) and variability in IPSC onset latency (gray)
during sensory-evoked bursts of mossy fiber synaptic input (n = 5).
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phasic and spillover inhibition suggests that Golgi-cell inhibition
provides a simple thresholding mechanism that regulates the am-
plitude, duration, and reproducibility of sensory responses in granule
cells (24, 25, 37). In contrast to sensory modalities that evoke high-
frequency mossy fiber input, mossy fibers encoding information
about joint angle, head direction, and velocity are tonically active
and display relatively slow modulation of their firing rates (38–40).
Therefore, it will be of interest to determine the impact of direct and
spillover inhibition across a wide range of input modalities and
cerebellar regions that display differing rates of mossy fiber activity.
Implications for Sensory Information Processing. Our understanding
of the functional role of GABAergic inhibition of granule cells has
been constrained by our limited knowledge of the temporal dy-
namics and varying contributions of phasic and spillover inhibition
during sensory stimulation in vivo. The functional characterization
of a classical feed-forward inhibitory circuit in the input layer of
the cerebellum in vitro (6, 14, 56) led to the assumption that
Golgi-cell inhibition plays an important role in regulating both the
magnitude and precision of granule cell spike output (6, 14, 18).
However, our findings suggest that the primary function of Golgi-
cell inhibition in Crus II is not to enforce high temporal fidelity of
sensory responses in granule cells, but instead to ensure sensory
response uniformity across granule cells. Why might enforcing
high cell-to-cell response reproducibility be important for sensory
information processing in the granular layer? Given the enormous
number of granule cells in the cerebellum (57), the plethora of
sensory modalities conveyed by mossy fibers (58), and the high
convergence of granule cell axons onto each downstream Purkinje
cell (57), it seems necessary that granule cells possess cellular
mechanisms that ensure the saliency of important sensory in-
formation. The presence of high trial-to-trial and cell-to-cell
variability in granule cell sensory responses could introduce a
significant level of noise in the mossy fiber–granule cell–parallel
fiber pathway, making signal decoding more complex at the level
of the Purkinje cell (59). In this regard, we have previously shown
that a persistent, tonic GABAergic conductance enhances the
ability of granule cells to discriminate sensory-evoked responses
from ongoing network activity, where reducing or enhancing tonic
inhibition can significantly lower the signal-to-noise ratio for sen-
sory information transmission (23). Our present findings suggest
that sensory-evoked phasic and spillover Golgi-cell inhibition pro-
vide an additional dynamic regulatory mechanism that scales with
the level of mossy fiber excitation controlling the power, duration,
and saliency of sensory information as it propagates through the
input layer of the cerebellar cortex. Incorporating these findings
into existing cerebellar models should provide important insights into
how cerebellar microcircuits encode sensory information.
Materials and Methods
In vivo patch-clamp recordings were made from granule cells in Crus II of the
cerebellar cortex of 18- to 24-d-old Sprague–Dawley rats anesthetized with a
ketamine/xylazine mixture as described (23, 25). Sensory responses were evoked
by a brief air puff delivered to the ipsilateral whiskers or perioral surface. All
procedures were approved by the local ethical review committee and performed
under license from the UK Home Office in accordance with the Animal (Scientific
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Fig. 4. Golgi cell inhibition reduces the temporal precision
of early granule cell responses to sensory stimulation. (A)
Synaptic conductance waveforms for mossy fiber excitation
(Top), sensory-evoked inhibition (Middle), and classical FFI
(Bottom). Dashed line denotes onset of the excitatory con-
ductance. (B) Example first spike latencies (20 traces overlaid)
after coinjection of excitatory (Gexcitation) and inhibitory
(Ginh (sensory-evoked) or Ginh(feed-forward inhibition)) conductance
waveforms in vitro. Note that intraburst variability, onset
timing and peak amplitude of sensory-evoked (S-E) EPSGs and
IPSGs faithfully represent our sensory-evoked data recorded
in vivo. A steady-state tonic inhibitory conductance (260 pS)
was injected to mimic tonic inhibition observed in vivo.
(C ) Average intraburst spike onset latency variability (jitter)
in the absence (−Inh, red) and presence of sensory-evoked
inhibition [Inh (sensory-evoked); black] or classical FFI [Inh (FFI),
gray; n = 10]. **P < 0.01. (D) Schematic representing the re-
cruitment of parallel feed-forward/feedback inhibitory circuits
in the granule cell layer during sensory stimulation. GC, gran-
ule cell; GoC, Golgi cell; MF, mossy fiber; PF, parallel fiber.
(E and F) Representative raster plots (E) and latency histograms
(F), showing change in sensory-evoked first spike latencies in the absence (black) and presence (brown) of GABAA receptor blockade (gabazine, 500 μM)
in vivo. (G) Average variability in sensory-evoked spike onset latency (jitter) in the absence (black) and presence of gabazine (500 μM; brown) (n = 7). *P < 0.05.
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Fig. 5. Parallel FFI enhances sensory response reproducibility across granule cells. (A) Simulated synaptic conductance waveforms for mossy fiber excitation
(red) and sensory-evoked (S-E) inhibition (blue) were coinjected in granule cells in vitro. Note timing and variability of each postsynaptic conductance
reflected the EPSC and IPSC onset times measured in vivo. (B) Average number of sensory-evoked spikes as a function of interburst spike variance in the
absence [−Inh (sensory-evoked); gray] and presence (black) of sensory-evoked inhibition (n = 10). (C) Distribution of mean evoked response amplitude in the
absence [−Inh (sensory-evoked); gray] and presence (black) of sensory-evoked inhibition estimated by bootstrap analysis (1,000 bootstrap replicates). Green
lines are Gaussian fits to each histogram. (D and E) Average spike burst duration (D) and frequency (E) with (black) and without (gray) sensory-evoked in-
hibition (n = 10). **P < 0.01.
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Procedures) Act 1986. Patch-clamp recordings from granule cells in vitro were
made at 33–35 °C in cerebellar slices (250 μm thick) prepared with standard
techniques (60). For both in vivo and in vitro experiments, patch pipettes (5–7MΩ)
were filled with a potassium methanesulfonate-based internal solution. Data are
given as means ± SEM. For full details, see SI Materials and Methods.
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SI Materials and Methods
Surgery. Sprague–Dawley rats (18–24 d old, male and female)
were anesthetized with an initial dose of a ketamine (52 mg/kg)/
xylazine (7 mg/kg) mixture and supplemented with doses of
ketamine (17.3 mg/kg) to maintain a stable level of anesthesia
(23–25). All procedures were approved by the local ethical review
committee and performed under license from the U.K. Home
Office in accordance with the Animal (Scientific Procedures) Act
1986. Core body temperature was maintained at ∼37 °C by using
an isothermic feedback heating blanket. The skin and superfi-
cial muscles overlying Crus II were removed, and a craniotomy
(400 μm × 400 μm) and durotomy were performed to facilitate
whole-cell recording. All experiments were acute, with only a
single 2- to 4-h recording session per animal.
In Vivo Whole-Cell Recording. Whole-cell patch-clamp recordings
were made from granule cells in vivo as described (23–25).
Current and voltage-clamp recordings were made at a depth of
>250 μm from the pial surface by using a Multiclamp 700A
(Molecular Devices). Data were filtered at 4–10 kHz and digi-
tized at 20 kHz by using Axograph X software in conjunction
with an ITC-18 DAC interface (Instrutech; HEKA). Patch pi-
pettes contained (in mM): potassium methanesulfonate 133, KCl
7, Hepes 10, Mg·ATP 2, Na2·ATP 2, Na2·GTP 0.5, and EGTA
0.1 (pH 7.2, 285–295 mOsm, ECl approximately −69 mV). ECl
was set close to the physiological range measured in granule cells
using the gramicidin perforated patch technique [postnatal day
18–21 (P18–21) rats, −62.9 ± 4.8 mV] (27). Resting membrane
potentials were recorded immediately after “break-in.” Series
resistances were typically 15–30 MΩ, and cells with series
resistance >40 MΩ were excluded from the analysis. Biocytin
(0.5%) was added for subsequent morphological reconstruction
of granule cells. After each recording, animals were transcardially
perfused with 4% (wt/vol) paraformaldehyde in phosphate buffer
solution (PBS), and thin sagittal sections (60 μm) were cut by using
a Leica VT1200S vibratome. Slices were incubated in streptavidin
Alexa Fluor 488 (Invitrogen) and mounted and imaged by using
confocal microscopy. Sensory stimulation was performed with
an air puff (60 ms, 60 psi) timed by a Picospritzer (General
Valve) targeting the whiskers and ipsilateral perioral surface. Re-
ceptive fields of granule cells were mapped by using a course mi-
cromanipulator (Narishige). Gabazine (SR95531; 500 μM) was
dissolved in physiological saline and applied topically (20 μL) to
the craniotomy. Drug effects were observed 3–5 min after appli-
cation (23). With “wash-out” not being possible, recordings were
made from a single neuron, after which the experiment was
terminated.
In Vitro Whole-Cell Recording. Thin parasagittal cerebellar slices
(250 μm) were cut from P18–21 Sprague–Dawley rats as de-
scribed (60). Slices were cut at 2–4 °C in artificial cerebrospinal
fluid (aCSF) solution containing 125 mM NaCl, 2.5 mM KCl,
1.25 mM NaH2PO4, 26 mM NaHCO3, 0.5 mM CaCl2, 8 mM
MgCl2, and 25 mM glucose bubbled with 95% O2/5% CO2, and
then incubated at 35 °C for 45 min before being allowed to cool
to room temperature (22–25 °C) before use. Slices were trans-
ferred to the recording chamber and continuously superfused
(1.5 mL/min) with the same aCSF, but containing 1.5 mM CaCl2
and 1 mM MgCl2. All slice experiments were performed at 33–
35 °C. Visually guided [infrared differential interference con-
trast (IR-DIC) microscopy] whole-cell recordings from granule
cells were obtained with patch pipettes (5–7 MΩ) pulled from
borosilicate capillary glass and filled with an internal solution
containing (in mM): potassium gluconate 133, KCl 7, Hepes 10,
Mg·ATP 2, Na2·ATP 2, Na2·GTP 0.5, and EGTA 0.1. All in
vitro granule cell recordings were performed in the presence of
kynurenic acid (2 mM) and gabazine (10 μM) to block ionotropic
glutamate and GABAA receptors, respectively. Blood plasma
ketamine levels during general anesthesia (20.6 μM, estimated
from published values of blood plasma ketamine measured during
general anesthesia in age-matched rats and bolus i.p. injection
volume of 50 mg/kg ketamine) did not affect the level of in-
hibition, leak potassium channel activity, or granule cell excit-
ability (23).
Dynamic Clamp Recordings. Dynamic clamp experiments were
performed as described (23) by using an SM-1 dynamic-clamp
amplifier (Cambridge Conductance) driven by custom-written
software in MATLAB (MathWorks). Mossy fiber synaptic inputs
were simulated as depressing bursts of excitatory postsynaptic
conductances (EPSGs; 6.3 ± 1.2 events per burst; EPSG rise time =
0.22 ms; decay = 2.5 ms) with an average unitary conductance of
450 pS (CV = 0.45). During each experiment, the strength of
excitation was adjusted to match the mean number of spikes
observed during sensory stimulation in the presence of gabazine
(scaling range: 0.5–2.4). Fast phasic Golgi cell synaptic inputs
were simulated as bursts of inhibitory postsynaptic conductances
(IPSGs; 12 IPSCs with an independent probability of occurrence
between 0.04 and 1.0, resulting in an average of 5.2 ± 0.4 events
per burst; IPSG rise time = 0.29 ms; decay = 6.8 ms) with an
average unitary conductance of 400 pS. Spillover inputs were
simulated as slow IPSGs (rise time = 30 ms, decay = 150 ms)
with an average unitary conductance of 400 pS. The timing of
EPSG/IPSGs were drawn from a normal distribution where the
mean and SD matched the experimentally measured in vivo
onset times. Tonic inhibition was modeled as a linear Ohmic leak
and applied as a steady-state conductance of 260 pS (23). A
minimum of 20 different conductance waveforms were injected
during each experiment. The membrane time constant was ad-
justed to match that measured in vivo by adding a potassium leak
conductance. AMPA receptor-mediated conductances had a
reversal potential of 0 mV, and GABAAR-mediated conduc-
tances had a reversal potential of −64 mV (27).
Analysis and Statistics.Data analysis was performed with Axograph
X and custom-written macros in Igor Pro-6 (Wavemetrics).
Synaptic events were detected by using a template-matching
algorithm (Axograph X) or amplitude threshold algorithm
(TaroTools, Igor Pro-6 macro). The threshold for event detection
was set at twice the SD of the baseline noise (∼5–8 pA for granule
cells) for both phasic and spillover events. Representative spill-
over current traces were generated off-line by using a manual or
semiautomated subtraction process. To manually extract spill-
over currents, we selected 50 consecutive spontaneous IPSCs to
create a scaled average. Simulated IPSC bursts were generated,
based on the exact IPSC onset times and peak amplitude of each
event in the sensory-evoked burst, and subtracted from the
original data trace to isolate the spillover current as shown in
Fig. 1E. In addition, spillover currents were automatically iso-
lated by using a custom-written routine (TaroTools) in Igor Pro-
6. Both extraction methods produced quantitatively similar re-
sults. FFI was measured at −40 mV, and the onset times were
measured from the 10% rise time point of each EPSC and IPSC.
Spike jitter was measured as the SD of spike onset latencies
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measured from the rising phase of the first EPSP in each evoked
burst. Excitatory and inhibitory conductances were calculated by
using 0 and −64 mV as the reversal potential of glutamatergic and
GABAergic synaptic currents, respectively. Input resistances were
calculated from voltage/current responses during 400-ms step
current (−10 pA) or voltage (−10 mV) injections. The latency of
sensory-evoked EPSCs and action potentials was corrected to
account for the temporal delay of the air puff associated with the
solenoid application system. Error bars represent mean ± SEM.
Statistical significance was examined by using Student’s paired
and unpaired t tests, F test, or two-way ANOVA, where P < 0.05
was considered significant (*P < 0.05; **P < 0.01).
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Fig. S1. Average sensory-evoked excitatory and inhibitory peak conductances. (A) The relationship between mean excitatory (EPSG) and inhibitory (phasic and
spillover) peak conductances (n = 9). (B) Relationship between phasic (GI-phasic) and spillover (GI-spillover) peak conductances measured in the same cell (n = 9, r =
0.70, slope = 0.37, P < 0.05). (C) Correlation between sensory-evoked excitatory (GE_average) and Golgi cell phasic (GI_phasic) and spillover (GI_spillover) conductances
in the same granule cells (r = 0.68 and 0.14, slope = 0.25 and 0.10, P < 0.05 and P > 0.05, respectively; n = 9).
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Fig. S3. Sensory-evoked spiking in presynaptic mossy fiber boutons during sustained sensory stimulation. (A) Representative voltage traces displaying sensory-
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Fig. S4. Classical feed-forward, parallel feed-forward, and parallel feedback inhibitory pathways in the granule cell layer. Schematic depicting classical feed-
forward (Left), parallel feed-forward (Center), and parallel feedback (Right) inhibitory pathways in the granule cell layer of the cerebellum. GC, granule cell;
GoC, Golgi cell; MF, mossy fiber; PF, parallel fiber.
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Table S1. Basic electrophysiological properties of granule cells
in vivo
Granule cell properties Mean ± SEM n
Input resistance, GΩ 1.2 ± 0.1 9
Capacitance, pF 3.3 ± 0.1 9
Resting membrane potential, mV −65.5 ± 2.4 9
Spontaneous firing rate, Hz 0.6 ± 0.2 9
Depth from pial surface, μm 266–680 9
Table S2. Sensory-evoked excitatory and inhibitory burst dynamics as a function of increasing stimulus duration
Stimulus duration, ms No. of EPSCs (n) Burst duration, ms (n) No. of IPSCs (n) Burst duration (phasic) (n) Burst duration (spillover) (n)
60 4.9 ± 0.6 (9) 54.8 ± 4.0 (9) 5.6 ± 0.6 (9) 93.3 ± 15.1 (9) 308.1 ± 21.4 (9)
200 14.4 ± 2.3 (8) 200.0 ± 4.2 (5) 6.7 ± 1.8 (5) 104.0 ± 34.2 (5) 312.7 ± 66.8 (5)
500 22.8 ± 3.9 (8) 392.5 ± 41.8 (5) 4.3 ± 0.5 (5) 68.0 ± 19.9 (5) 434.2 ± 122.1 (5)
Data are presented as mean ± SEM.
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